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Summary Objective:Toreportonclinicalexperienceusingdichoticmultiple-stimulus
auditory steady-state responses (ASSRs) as an objective technique to estimate freque-
ncy-speciﬁc hearing thresholds in hearing-impaired infants. Methods: A comparison
was made between the click-evoked auditory brainstem response (ABR), auditory
steady-state responses and behavioral hearing thresholds (BHTs). Both ears of 10 in-
fants between 3 and 14 months of age were tested. ABRand ASSR s were recorded
during the same test session. ABRwas evoked by 100 s clicks. ASSRs were evoked
by amplitude- and frequency-modulated tones with carrier frequencies of 0.5, 1, 2
and 4kHz and modulation frequencies ranging from 82 to 110Hz. Eight signals (four to
eachear)werepresentedsimultaneously.ASSRthresholdswerederivedafterseparate
recordings of approximately 5, 7.5 and 10min to compare the inﬂuence of test dura-
tion. BHTs were deﬁned in later test sessions as soon as possible after the ASSRtest,
dependent on medical and developmental factors. Results: For the subjects tested
in this study 60% of ABRthresholds and 95% of ASSRthresholds for 1, 2 and 4kHz
were found at an average age of 7 months. Only 51% of frequency-speciﬁc BHTs could
be obtained but on average 5 months later. The correlation of ABRthresholds and
ASSRthresholds at 2kHz was 0.77. The correlation of ASSR s and BHTs was 0.92. The
mean differences and associated standard deviations were 4 ± 14, 4 ± 11, −2 ± 14
and −1 ± 13dB for 0.5, 1, 2 and 4kHz, respectively. The average test duration was
45min for ABR(one threshold in both ears) and 58min for ASSR(four thresholds in
both ears). By reducing the duration of the separate recordings of ASSR, the precision
of the hearing threshold estimate decreased and the number of outlying and missing
values increased. Correlation coefﬁcients were 0.92, 0.89 and 0.83 for recordings of
maximum 10, 7.5 and 5min, respectively. A compromise between test duration and
precision has to be sought. Conclusions: Multiple-frequency ASSRs offer the possibility
to estimate frequency-speciﬁc hearing thresholds in babies in a time-efﬁcient way.
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1. Introduction
Permanent bilateral hearing loss affects at least
one in a thousand newborns [1—4]. Early identiﬁ-
cation of hearing loss and early intervention are
crucial to maximize the development of receptive
and expressive language abilities and communica-
tive competence [5,6]. Therefore, the need for uni-
versal newborn hearing screening has been ratiﬁed
by the Joint Committee on Infant Hearing [7], the
National Institutes of Health [8] and the American
Academy of Pediatrics [9]. In some regions around
the world general or hospital-based newborn hear-
ing screening programs have been introduced with
a high coverage.
After a failed hearing screening and referral to
more specialized medical services an extensive au-
diological evaluation has to ascertain the hearing
status of the referred infant. It is important to ob-
tain a quantitative measure of the hearing thres-
holds in order to start appropriate multidisciplinary
intervention. For the ﬁtting of a hearing aid and
to determine if cochlear implantation is necessary,
the residual hearing abilities are estimated. As the
referred infants are only a few weeks or months old
standard behavioral techniques are not appropri-
ate. Objective physiological techniques, which are
not inﬂuenced by sleep or sedation, have to be ap-
plied to be able to provide adequate intervention
before 6 months of age.
For the assessment of hearing thresholds in in-
fants younger than 6 months the auditory brain-
stem response (ABR) to clicks is clinically still the
most widely used technique. This technique how-
ever, has a few shortcomings. The rapid onset and
the broad frequency spectral content of the click
stimulus result in activation of a wide area of the
basilar membrane in the cochlea [10,11]. Detailed
information concerning the type and degree of
hearing loss as a function of frequency cannot be
provided. Moreover, the maximum presentation
level of a click is limited, which makes it difﬁcult to
differentiate between severe and profound hearing
losses.
A technique that uses continuous rather than
transient stimuli is the auditory steady-state re-
sponse (ASSR). ASSRs are the periodic electrical
responses of the brain to auditory stimuli pre-
sented at a rate fast enough to cause an overlap of
successive responses [12,13]. ASSRs are evoked by
changes in the amplitude of a continuous tone [14].
Sinusoidal amplitude- and/or frequency-modulated
tones evoke potentials that can be measured at
the scalp and follow the modulation envelope [15].
These tones contain energy at a much smaller fre-
quency range in contrast with clicks and therefore
result in a more place-speciﬁc response of the
cochlea.
The most prominent responses are obtained at
presentation rates around 40Hz [16]. However, the
40Hz responses are affected by sleep and sedation
[17,18]. Furthermore they are difﬁcult to obtain in
young children [19,20] because the 40Hz compo-
nent results from the overlap of the short latency
with the middle latency response, which has a much
longer developmental timetable. Also at modula-
tionfrequenciesbetween80and110Hzpronounced
responses are present but these are smaller. How-
ever, these responses are less inﬂuenced by sleep
and are reliably measurable in children, since they
represent neural phase-locked responses from the
lower portion of the auditory nervous system, just
like an ABR. The ASSR evoked at these higher rates
could be a useful technique for objective audiome-
try [18,21—24].
An advantage of the ASSRtechnique is the
possibility to record responses to several carrier
frequencies simultaneously, when each signal is
modulated at a different modulation frequency
[25,26]. Since each response would occur exactly at
the modulation frequency these multiple auditory
steady-state responses can be separated into the
frequency domain. This strongly affects the test du-
ration. The dichotic multiple-stimulus technique,
with eight signals (four to each ear) presented si-
multaneously, is estimated to be two to three times
faster than the single-stimulus technique [27].
Severalstudieswereconductedtoinvestigatethe
accuracy of hearing threshold prediction with the
dichotic multiple ASSRtechnique in adults and chil-
dren (older than 6 years). Differences of on average
5—15dB were reported between behavioral hearing
thresholds (BHTs) and ASSRthresholds [26,28—30].
To our knowledge no threshold data are available
yet of dichotic multiple-frequency ASSRtesting in
hearing-impaired infants younger than 1 year, al-
though the need for a frequency-speciﬁc objective
technique is greatest in this target group. In this
work we report on our ﬁrst clinical experiences.
In Flanders (Belgium) universal newborn hear-
ing screening has been implemented since 1998.
All newborns (approximately 62,000 per year) are
screened by means of automated ABRat the age
of 4 weeks by the Flemish well-baby organization
‘Kind and Gezin’ with a coverage of about 96% [31].
Experience of the ﬁrst 5 years of this screening
program has stressed even more that an objective
frequency-speciﬁc threshold technique is crucial
for adequate follow-up and rehabilitation of the
very young referred children.
In this study the dichotic multiple-stimulus ASSR
technique was investigated in clinical practice.Objective assessment of frequency-speciﬁc hearing thresholds in babies 917
Therefore hearing thresholds of 10 infants between
3 and 14 months of age with suspected hearing
loss, referred to the University Hospitals Leuven,
were estimated. Click-evoked ABRand dichotic
multiple-stimulus ASSRwere carried out in the
same test session. Behavioral hearing thresholds
were obtained in later test sessions, if they could
be obtained at all. Firstly, BHTs, ABRand ASSR
threshold values were compared. Secondly, the
relation between precision of hearing threshold es-
timates obtained with ASSRand test duration was
investigated. Test duration is an important issue in
the search for a reliable objective technique and
will be crucial for a more general clinical applica-
tion of this technique in newborns.
2. Methods
All infants referred to the University Hospitals Leu-
ven for ABRtesting under general anesthesia from
November 2001 through July 2002 were included
in the study (see Table 1). Ten infants were tested.
Their ages ranged from 3 to 14 months at the time
of ABRand ASSRtesting, with an average of 7
months. All infants had undergone hearing screen-
ing by means of automated ABRat 4 weeks of age.
Two babies passed the screening but needed an
evaluation of their hearing at a later age because
of risk factors. Seven babies failed the hearing
screening for both ears, one baby failed in one ear.
A ﬁrst ABRwas carried out within 2 weeks of the
screening. For various reasons a follow-up sedated
ABRwas needed. For this research, ASSRtesting
was added on to this sedated ABR.
Hearing tests are only carried out under general
anesthesia if other attempts to obtain audiometric
data failed. Classic sedation, e.g. with chloral hy-
Table 1 Overview of the population
Subject Sex Age (months) Screening Risk factors
Left Right Medical details
1 f 7 Pass Pass Chemotherapy
2 f 4.5 Refer Refer Twins, birth weight less than 1500g
3 f 5.5 Refer Refer Unknown
4 m 13.5 Refer Refer Metabolic disease, blind, developmentally retarded
5 f 10 Refer Refer Unknown
6 f 3 Refer Pass Cytomegalovirus
7 f 14.5 Refer Refer Partial agenesis of the cochlear nerve
8 f 6 Refer Refer Mechanical ventilation ≥5 days, craniofacial anomalies
9 m 4 Refer Refer Unknown
10 m 4.5 Pass Pass Cytomegalovirus
Sex (f, female; m, male), age in months, results of hearing screening at 4 weeks of age and risk factors or medical
details of importance are shown.
drate is known to be unreliable in this age group be-
cause of either too short or prolonged sedation. Kau
et al. [32] showed that the best results for an ABR
examination were obtained when general anesthe-
sia was ﬁrst administered followed by intravenous
midazolam. General anesthesia was induced with
intramuscular ketamine, followed by a continual in-
fusion of midazolam and clonidine; products known
not to effect auditory evoked potentials [33—35].
The infants were continuously monitored during
the ABRtest for heart rate, blood pressure, oxy-
gen saturation, temperature and respiratory rate.
They were not intubated and neither was a larynx
mask used. They breathed spontaneously, if neces-
sary with added oxygen via a mask. During the ASSR
testing oxygen saturation was monitored with a bat-
tery run saturation meter.
The use of the supplementary ASSRtesting was
approved by the Committee of Medical Ethics of
ClinicalResearchoftheKatholiekeUniversiteitLeu-
ven. This research project was in accordance with
the Helsinki Declaration. Informed consent was ob-
tained from a parent to conduct an additional au-
diometric test, namely the ASSR.
2.1. Stimulation and recording parameters
2.1.1. Click-evoked auditory brainstem response
The ABRwas recorded with a Madsen ER A 2260
brainstem evoked response audiometer. Clicks of
100sindurationwerepresentedatarateof21per
second with an alternating polarity. For the record-
ing of the ABR, electrodes were placed at the fore-
head and the mastoids. Electrode impedance was
always smaller than 5k  at 30Hz. Filter settings
of 100—3000Hz (6dB/octave) were applied. Data
were collected in time windows of 12ms. At each
presentation level 2000 sweeps were averaged.918 H. Luts et al.
Click signals were calibrated in dB peSPL for
ER-3A insert phones with an artiﬁcial ear (Brüel
& Kjaer 4152) and a 2-cc coupler (Brüel & Kjaer
DB 0138), an ampliﬁer (Brüel & Kjaer 2610) and
a 50MHz scope meter (Fluke 97). As a reference
ABRthresholds were assessed in 20 normal-hearing
adult ears (hearing thresholds less than 20dB HL
for 1, 2 and 4kHz) for ER-3A insert earphones. The
average ABRthreshold was 41dB peSPL. This means
that the maximum stimulation level of 130dB peSPL
was approximately 90dB above the normal-hearing
threshold. In this subject group the mean pure-tone
threshold at 2kHz was 3.5dB HL for insert phones.
2.1.2. Auditory steady-state responses
Frequency-speciﬁc thresholds were estimated by
means of auditory steady-state responses. Four
stimuli were simultaneously presented at each ear.
Sine waves at carrier frequencies of 0.5, 1, 2 and
4kHz were 100% amplitude-modulated and 20%
frequency-modulated. Simultaneous modulation in
both amplitude and frequency results in larger re-
sponses compared to simple amplitude-modulation
[36]. The frequency-modulation was phase shifted
by −90◦ to ensure that the tone would reach max-
imum frequency at the same time as it reached
maximum amplitude [37]. Modulation frequencies
were 82.031, 89.844, 97.656, 106.445Hz for the
left ear and 85.937, 93.750, 101.562, 110.352Hz
for the right ear. For the presentation of the signals
a 32kHz digital-to-analogue conversion rate was
used.
A clinical audiometer, Madsen Orbiter 922, was
used to control the stimulus intensity. The level for
the ASSRstimuli for the two ears was controlled by
separate channels of the audiometer and could be
adjusted independently. All four frequencies in one
ear, however, were presented at the same level. In
this study 110dB SPL was the maximum presenta-
tion level. At this intensity level no non-linearities
were observed in the acoustical signal.
The eight signals were calibrated separately in
dB SPL, using a Sound Level Meter (Brüel & Kjaer
2260) in combination with an artiﬁcial ear (Brüel &
Kjaer 4152) and a 2-cc coupler (Brüel & Kjaer DB
0138). Calibration in terms of sound pressure level
will make the comparison between the results of
audiological assessment and the electro-acoustical
performance of a hearing aid easier [38].
Disposable neonatal 3M 2282E recording elec-
trodes were placed at the forehead and at the
inion, with a ground electrode at the clavicle. A
conductive paste was used to keep the electrodes
in place and to obtain inter-electrode impedances
of less than 5k  at 30Hz. The surface electrodes
were connected to a Stanford Research Systems
SR560 ampliﬁer. The electroencephalogram (EEG)
was ampliﬁed 50,000 times and was ﬁltered be-
tween 30 and 300Hz (6dB/octave). The MASTER
software [37] was used to generate the stimuli and
record the electrical responses. In the digitizing
step an analogue-to-digital conversion rate of 1kHz
was used. Data were recorded in epochs that con-
tain 1024 data points. Artifact rejection limits were
set in such a way that about 5—10% of the epochs
were rejected, in order to eliminate potentials due
to muscle or movement artifacts. Sixteen epochs
were linked together to form a sweep, which lasted
for 16.384s. Eight to 32 EEG recording sweeps were
averaged for each stimulus intensity. Data were
averaged in the time domain and submitted to FFT
analysis. The level of signiﬁcance of the responses
was monitored after each sweep. The probability
that the amplitude of the signal was within the
distribution of the noise amplitudes of 120 neigh-
boring frequency bins (approximately 3.7Hz on
both sides) was evaluated using F-ratio statistics
[37]. The signiﬁcance level was set at P < 0.05.
2.1.3. Behavioral audiometry
Frequency-speciﬁc behavioral hearing testing of
the infants was carried out in later test sessions,
as soon as behavioral responses to auditory stimuli
could be assessed. Time of testing differed among
infants. For the infants where frequency-speciﬁc
behavioral testing yielded usable data (for 7 out of
10 infants), results were obtained up to 12 months
later. For one infant (subject 3) behavioral thres-
holds could be obtained at the age of 5.5 months.
Developmental age and medical status were deter-
mining factors. Tests were carried out at an average
age of 11.5 months. Behavioral observation au-
diometry (BOA) or visual reinforcement audiometry
(VRA) was carried out using a clinical audiometer
with EAR-Tone 3A insert phones or in free-ﬁeld con-
ditions with a Kenwood LS-34 loudspeaker. In both
cases warble tones were presented. Thresholds
were deﬁned in dB SPL. A 5dB-up and 10dB-down
search method was used. Tests were carried out in
a sound-attenuated room.
2.2. Procedure for ABR and ASSR testing
Tests were carried out in a soundproof room with
Faraday cage (see Fig. 1). The background noise
level in the Faraday cage was 12.1dB (A). All
subjects received otoscopic examination by an
ENT-surgeon. Cerumen was removed if necessary.
In case of suspicion of abnormal middle ear func-
tion tympanometry was carried out.
ABRrecordings were always carried out ﬁrst.
Electrodes were applied, electrode impedance wasObjective assessment of frequency-speciﬁc hearing thresholds in babies 919
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Fig. 1 Schematic overview of the test room with Faraday cage.
measured and thresholds were deﬁned for both
ears. Then new electrodes were applied for ASSR
testing. Thresholds for four frequencies in both ears
were determined. For both techniques the acous-
tical stimuli were presented by means of ER-3A
insert earphones with ER3-14D, ER3-14E or ER3-14B
eartips. These insert phones are more comfortable
and prevent collapse of ear canals in babies. More-
over, interaural attenuation is increased compared
to supraaural headphones.
Due to timing restrictions ABRand ASSRthres-
holds were deﬁned at 10dB precision. ABRtest-
ing was started at 100dB peSPL. Responses were
determined by visual inspection of the ABRwave-
forms. The stimulus level was decreased with 10dB
until no wave V could be detected. The threshold
was deﬁned at the lowest level at which an ABR
was present. ASSRthresholds were determined with
a 10 up—20 down method. Starting intensity was
60dB SPL. A threshold was deﬁned as the lowest
intensity level where a signiﬁcant response was ob-
tained. Moreover, a threshold was only accepted
when conﬁrmation was found at an intensity level
10dB above the threshold. If no signiﬁcance was
achieved at this higher intensity level a false posi-
tive response was assumed.
Recordings were carried out in multiples of eight
sweeps. If responses to all stimuli were signiﬁcant
after eight sweeps, recordings were stopped. If one
or more response was not signiﬁcant after 8 sweeps,
16, 24 or 32 sweeps were recorded. In most cases
the maximum number of sweeps had to be recorded
because of differences in threshold between both
ears and the different carrier frequencies. If signi-
ﬁcance was not reached after averaging 32 sweeps
a non-response was assumed. After 16, 24 and 32
sweeps the test leader noted if the eight responses
were signiﬁcant or not. In this way it was possi-
ble to determine what the thresholds for the dif-
ferent stimuli would be after recordings of maxi-
mum 16, 24 or 32 sweeps. A recording of 8 sweeps
lasted minimally 2.2min but taking into account the
5—10% rejected epochs, this resulted in approxi-
mately 2.5min. Recordings of 16, 24 and 32 sweeps
corresponded to approximately 5, 7.5 and 10min,
respectively.
In all ears ABR-measurements were carried out.
ABRthresholds were compared to the ASSRthres-
hold at 2kHz. ASSRthresholds were compared to
the available corresponding BHT-information.
Differences between thresholds were compared
with paired-samples t-tests. The linear relationship
between two variables was evaluated using Pearson
correlation coefﬁcients and linear regression analy-
ses. R-squared describes the amount of variance of
the dependent variable (BHT) which is accounted
for by the independent variable (ASSRthreshold).
Statistical analyses were carried out with the 10.0
SPSS software.
3. Results
Results of the 20 tested ears are shown inTable 2.I n
total 20 ABRand 77 ASSRthresholds were assessed.
The remaining three ASSRthresholds could not be
assessed because of time constraints. In 8 cases out
of 20 no ABRthreshold and in 10 cases out of 77 no
ASSRthreshold was found at the maximum presen-
tation level. This meant that 12 ABRand 67 ASSR
thresholds were included in further analyses. In 7
out of 10 infants frequency-speciﬁc BHTs were ob-
tained, resulting in 41 thresholds.
3.1. Comparing ABR and ASSR thresholds
ABRthresholds were compared to the ASSRthres-
holds at 2kHz, since the spectrum of the click920 H. Luts et al.
Table 2 Thresholds obtained with three different audiometric test methods for both ears of 10 infants
Subject Test Age (months) Left Right
500Hz 1000Hz 2000Hz 4000Hz 500Hz 1000Hz 2000Hz 4000Hz
1 ASSR7 40 20 10 40 70 60 60 80
ABR7 40 70
BHT 19 50 35 25 35
2 ASSR4.5 50 40 30 30 60 40 40 70
ABR4.5 110 —
BHT 12 30 25 30 25
3 ASSR5.5 — 110 110 90 — 90 95 100
ABR5.5 — —
BHT 5.5 120 120 — — 125 90 125 125
4 ASSR13.5 — 110 90 — 80 80 90 90
ABR13.5 — 80
BHT
5 ASSR10 — 90 85 110 — 80 90 90
ABR10 — —
BHT
6 ASSR3 — 100 100 — — 100 80 100
ABR3 — —
BHT 8 120 100 105 115 95 90 85 105
7 ASSR14.5 100 100 80 — 110 80 100 100
ABR14.5 110 120
BHT 15.5 95 80 70 80 95 70 80 85
8 ASSR6 80 80 70 80 80 60 70
ABR6 100 80
BHT 9.5 75 70 70 65 70 60 60
9 ASSR4 50 30 50 30 30 30
ABR4 40 40
BHT
10 ASSR4.5 50 30 20 20 40 30 20 20
ABR4.5 40 50
BHT 1.1 50 40 30 35
When no threshold was found this was indicated with ‘—’. When thresholds were not measured the space was left
blank. ABRthresholds are indicated at 2kHz because correlation of ABRthresholds and BHTs is highest at 2kHz.
In subject 1, 2 and 10 BHTs are measured in free ﬁeld conditions. Thresholds are indicated at the best ear. ASSR,
auditory steady-state response in dB SPL; ABR, auditory brainstem response evoked by clicks in dB peSPL; BHT,
behavioral hearing threshold in dB SPL.
stimulus contains most energy at frequencies
around 2kHz. Twelve threshold comparisons were
made. The Pearson correlation coefﬁcient was 0.77
(P = 0.004). The scatter plot (Fig. 2) shows a lin-
ear relationship between the two variables. Linear
regression analysis was used to evaluate the cor-
relation between the ABRthreshold and the ASSR
threshold at 2kHz. Only 58% of the variance of the
ABRthreshold was explained by its linear relation-
ship with the ASSRthreshold. The intercept was
34.5dB and the slope 0.76. There was one outlying
value of the left ear of subject 2. When this value
is omitted the Pearson correlation becomes 0.93
(P ≤ 0.001). The linear regression equation would
have an intercept of 23.6dB and the slope would
become 0.88.
In eight ears no ABRthreshold could be deﬁned.
Even at 130dB peSPL no peak V could be identiﬁed.
For each of these ears ASSRthresholds were found
for 1 and 2kHz. In total 23 ASSRthresholds could
be deﬁned, varying from 40 to 110dB SPL.
3.2. Comparing BHTs and ASSR thresholds
In 7 infants reliable frequency-speciﬁc BHTs were
obtained. In three infants (subject 1, 2 and 10)Objective assessment of frequency-speciﬁc hearing thresholds in babies 921
Fig. 2 Scatter plot for the ASSRthreshold at 2kHz and
the ABRthreshold. R esults of 12 ears are included. The
regression equation and R-squared are shown in the plot.
thresholds were obtained in free-ﬁeld conditions
and were consequently not ear-speciﬁc. BHTs were
compared to the ASSRthresholds of the best ear. In
four other infants insert phones were used, so that
ear-speciﬁc information could be obtained. In total
41 thresholds in 11 ears were assessed. In six cases
no corresponding ASSRthreshold could be found at
the maximum presentation level, in one case the
ASSRthreshold was not assessed. When no ASSR
could be recorded at 110dB SPL, the BHT was be-
tween 80 and 125dB SPL, with an average of 109dB
SPL.
In total 34 BHTs could be compared to the cor-
responding ASSRthresholds. The mean difference
between both measures was 0.9dB (S.D. 12.8dB).
This difference was not signiﬁcant (P = 0.691).
Difference scores ranged from —30 to 20dB. Of the
absolute differences 68% were within 10dB, 94%
were within 20dB. The scatter plot in Fig. 3 shows
a linear relationship between the ASSRthreshold
and the BHT. The three data points in the right up-
per corner are of subject 3. BHTs were higher than
expected. This could be explained by the young
age at which behavioral testing was carried out.
The infant was only 5.5 months old. Actual hearing
thresholds will probably be lower than these mini-
mum response levels. Nevertheless, a clear linear
relationship could be observed. Frequency-speciﬁc
correlations (and associated P-values) were 0.92
(P = 0.029), 0.93 (P = 0.001), 0.91 (P = 0.001) and
0.93 (P = 0.001) for 0.5, 1, 2 and 4kHz, respec-
tively. The overall Pearson correlation was 0.92
Fig. 3 Scatter plot for the ASSRthreshold and the corre-
sponding BHT. Results of 34 threshold comparisons are in-
cluded. The regression equation and R-squared are shown
in the plot. Points are jittered for 3% to show overlapping
of the data.
(P = 0.001). Linear regression analysis resulted in a
slope of 0.89 and an intercept of 6.8dB. R-squared
was 0.84. Difference scores (and S.D.) for the sepa-
rate frequencies were 4 ± 14, 4 ± 11, −2 ± 14 and
−1 ± 13dB for 0.5, 1, 2 and 4kHz, respectively. The
time delay between both measures was between 0
and 12 months, with an average of 5 months.
3.3. Test duration
Comparing BHTs and ASSRthresholds after record-
ings of maximum 16, 24 or 32 sweeps (correspond-
ing to 5, 7.5 and 10min) showed that the precision
of the hearing threshold estimate changed. A de-
crease in test duration meant an increase in the
difference scores between BHTs and ASSRthres-
holds and an increase in the standard deviations
Table 3 Relation between BHTs and ASSR thresholds
after separate recordings of maximum 16, 24 and 32
sweeps
16
sweeps
24
sweeps
32
sweeps
Mean difference
score ± S.D. (dB)
7 ± 17 4 ± 14 1 ± 13
Pearson correlation
coefﬁcient
0.83 0.89 0.92
R-squared 0.69 0.80 0.84922 H. Luts et al.
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Fig. 4 Cumulative distribution of the absolute difference scores between the ASSRthreshold and the corresponding
behavioral hearing threshold after recordings of maximum 32, 24 and 16 sweeps for the 20 tested ears and all tested
frequencies.
(see Table 3). The linear relationship between BHTs
and ASSRthresholds represented by the Pearson
correlation coefﬁcient decreased, which dramati-
cally affected R-squared. The number of missing
and outlying values increased. In Fig. 4 the cumu-
lative distribution of the absolute difference scores
between the ASSRthreshold and the correspond-
ing BHT is shown. After recordings of 32 sweeps 10
out of 77 values were missing and two difference
scores exceeded 20dB. After 24 sweeps 10 values
were missing but ﬁve difference scores were higher
than 20dB. After 16 sweeps 13 values were miss-
ing and six difference scores exceeded 20dB. The
maximum difference was 30dB after recordings of
32 and 24 sweeps and 55dB after 16 sweeps.
Deﬁning the ABRthreshold in both ears took
on average 45min (standard error of the mean of
2min). ASSRthresholds after recordings of maxi-
mum 32 sweeps at four frequencies in both ears
were on average determined in 58min (standard
error of the mean of 4min). The average dif-
ference between both measurements was 14min
(P = 0.005). In this extra time, thresholds were
deﬁned at four frequencies for both ears with an
extended range compared to ABR. However, the
recording time of ABRis linked to the click rate,
which could be increased.
If only a maximum of 16 or 24 sweeps would be
recorded (corresponding to 5 and 7.5min) the av-
erage total test duration would be about 30 and
45min, respectively.
4. Discussion
The results of this study indicate that the dichotic
multiple-stimulus ASSRtechnique can provide reli-
able estimates of BHTs in babies, within a reason-
able testing time. We have been able to obtain ABR
thresholds in 60% of the cases, ASSRthresholds in
84% of the cases averaged over the four frequencies
and in 95% of the cases for 1, 2 and 4kHz. Approxi-
mately 5 months after ASSRtesting only 51% of the
BHTs could be determined.
4.1. Hearing threshold estimates
Several studies have been conducted to evaluate
the dichotic multiple-stimulus ASSRtechnique in
adults and children. However, the target group for
this objective audiometric test is infants younger
than 1 year. Due to the introduction of neonatal
hearing screening programs, the group of young
children requiring audiometric evaluation is grow-
ing and standard behavioral techniques cannot
always be applied.
Lins et al. [39] have investigated thres-
holds in well babies obtained with the dichotic
multiple-stimulus ASSRtechnique. They report
ASSRthresholds of 58, 43, 39 and 40dB SPL for
0.5, 1, 2 and 4kHz, respectively. These measure-
ments were carried out in a noisy environment,
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was published where dichotic multiple ASSRs were
evaluated in young hearing-impaired children.
The current study showed a very strong rela-
tion between BHTs and ASSRthresholds. Difference
scores between BHTs and ASSRthresholds were
between −2 and 4dB. This is lower than reported
for adults [28,30,39]. If the size of the discrep-
ancy between ASSRand BHT is known, BHT can be
predicted from ASSRresults. A more important is-
sue is the variability of the results or the standard
deviation of the mean discrepancy. In the present
study standard deviations ranged from 11 to 15dB.
This is slightly higher than reported in studies with
adults [30,28,39]. The lower difference scores and
higher standard deviations are probably due to the
fact that there is a higher variability of the BHTs in
young children. The correlation of 0.92 in this study
corresponds to the one reported for adults in Dim-
itrijevic et al. [28]. Thresholds obtained with the
dichotic multiple-stimulus ASSRtechnique provide
a good basis for the ﬁtting of hearing aids.
In a few studies thresholds have been obtained in
young hearing-impaired children with a monaural
single-stimulus ASSRtechnique [23,40—42]. Vari-
ability of the results differs between studies, but
this is of course related to several methodological
factors.Cone-Wessonetal.[42]reportstandardde-
viations between 14 and 15dB. In Rance and Briggs
[40] standard deviations vary between 6 and 17dB,
dependent on degree of hearing loss. Although
the same test methods are used in the studies of
Rance and Cone-Wesson, there are rather large
differences between the reported correlation co-
efﬁcients. Consequently, R-squared, or the amount
of variance of the dependent variable (BHT) which
is accounted for by the independent variable (ASSR
threshold) differs even more between the differ-
ent studies. Correlations between ASSRand BHT
reported by Cone-Wesson et al. [42] range from
0.77 to 0.88. Dependent on subject group Rance
found correlations between 0.81 and 0.93 [40] and
between 0.96 and 0.99 [23,41].
Correlations found in the present study are rela-
tively high in view of the small data set, even for
the frequency-speciﬁc comparisons. Moreover, cor-
relations between ASSRand BHT are clearly higher
when the same carrier frequencies are compared
than when different carriers are compared. This in-
dicates that ASSRprovides information about au-
diometric conﬁguration.
The difference scores are largest in the lower fre-
quencies, but standard deviations are similar. These
elevated thresholds at 500Hz were also found in
other studies [28,30,39]. This discrepancy may be
related to issues of neural synchrony. There is likely
more latency jitter in the neurons responding to the
low-frequency sounds caused by the slowly chang-
ing stimulus and the broader region of activation on
the basilar membrane. The jitter would decrease
the time-locked summation of responses [28].
A weakness of this study is the small number of
subjects. In addition, the BHTs in some subjects are
rather minimum response levels than real hearing
thresholds and are therefore more variable. These
factors will have a negative effect on the results.
Nevertheless, a strong relation was found between
ASSRand BHTs.
Tests were carried out under general anesthesia,
because this was a very speciﬁc subject group of
difﬁcult-to-test children. A study of Rance and col-
leagues [23] showed that the relationship between
behavioral thresholds and ASSRthresholds is not in-
ﬂuenced by subject state. No signiﬁcant difference
was found between subjects in natural sleep, un-
der the sedative chloral hydrate or under a general
anesthetic. Of course there are important practi-
cal implications. Testing during natural sleep is pre-
ferred and is most feasible in babies younger than
3 months. Thanks to the general neonatal hearing
screening it should be possible to carry out the ASSR
testing between the age of 1 and 3 months.
4.2. Test duration
As shown in this study the precision of a thres-
hold estimate is enhanced by prolonging the test
duration. This is due to the signal-to-noise ratio en-
hancement obtained by averaging separate record-
ings. Moreover, a smaller number of non-responses
will occur. A compromise should be found be-
tween precision and test duration. Since test du-
ration is crucial in a clinical setting, the dichotic
multiple-stimulus technique may be advantageous,
because it allows the recording of responses to
eight stimuli at the same time.
It is difﬁcult to compare single- and multiple-
frequency ASSRtechniques concerning test du-
ration and hearing threshold precision. Both
techniques should be evaluated in similar con-
ditions and realistic recording times should be
reported instead of theoretical estimates. In clin-
ical practice hearing thresholds of a patient are
unknown. As a consequence more intensity steps
may be needed. Moreover, testing babies in clinical
practice involves more practical difﬁculties than
testing adults in an experimental setting. These
factors will result in an increased recording time.
Besides test duration other factors will affect the
precision of the hearing threshold estimate. The
used response detection method for this study was
based on simple statistics. More complex signal pro-
cessing might reduce the test duration.924 H. Luts et al.
4.3. Comparison of ABR and ASSR
The relation between ABRand ASSRhas only re-
cently been investigated. Vander Werff et al. [43]
compared the 2kHz ASSRwith the click-evoked
ABRin children from 2 months to 3 years old. They
report a correlation coefﬁcient of 0.96. In this
study a correlation of only 0.77 was found. There
was one outlying value (see below). If this value
is omitted, a correlation of 0.93 can be reached,
which corresponds more to the correlation men-
tioned by Vander Werff et al. [43]. Since ABRis
absent or worse than would be expected from BHTs
in auditory neuropathy, correlation of ABRwith
2kHz BHTs or 2kHz ASSRthresholds will be inﬂu-
enced by the presence or absence of these special
cases. Although click-evoked ABRis the most widely
used evoked potential technique to estimate hear-
ing thresholds, the relationship between hearing
thresholds and ABRis not unambiguous. Previously
reported correlation coefﬁcients between behav-
ioral hearing thresholds and ABRvary from only
0.48 [44] to 0.70 [10] and 0.75 [45]. Van der Drift
et al. [46] even report a correlation of 0.91.
Besides the frequency-speciﬁcity, the ASSR
technique has a number of advantages over the
click-evoked ABR. Firstly, ASSR has an extended
range and can, in contrast with ABR, differenti-
ate between total hearing loss and useful residual
hearing. The maximum presentation levels corre-
spond to hearing losses of approximately 90 and
105dB for ABRand ASSR , respectively. This differ-
ence is important in the decision making process
for a cochlear implant. In this study 8 out of 20 ears
showed no ABR, though in all ears ASSR responses
were found at 1 and 2kHz, and in most cases also
at 0.5 or 4kHz. ASSRthresholds ranged from 40
to 110dB SPL. This was also reported in previous
studies of Rance et al. [47] and Vander Werff et al.
[43]. A second advantage is the objective response
detection method. Responses are not detected in
the time domain, as with ABR, but in the frequency
domain by means of statistical techniques.
4.4. Auditory neuropathy
In one case (subject 2) no ABRcould be recorded at
the right ear and a threshold of 110dB peSPL was
found at the left ear, though ASSRs were clearly
present at lower intensities and noticeable corre-
spondence existed between the ASSRthresholds
and the behavioral hearing thresholds. The ABRand
ASSRthresholds were obtained at 4.5 months of
age. The ﬁrst reliable behavioral responses could
be obtained 7.5 months later, at 12 months of age.
The discrepancy between ABRand ASSRcould be
due to the disorder ‘auditory neuropathy’ [48].
Patients with auditory neuropathy have absent or
severely abnormal auditory brainstem responses
but have preserved cochlear outer hair cell func-
tion as shown by normal otoacoustic emissions or
cochlear microphonics. In this infant we were not
able to measure reliable otoacoustic emissions or
cochlear microphonics, so we can only speculate
that this is a case of auditory neuropathy. Nev-
ertheless, there is a clear discrepancy between
the behavioral hearing thresholds and ASSRon one
hand and ABRon the other hand.
To detect an ABRresponse in the time domain
synchronous onset responses of a large population
of auditory nerve ﬁbers to the transient stimulus
are required. For ASSRrecording and analysis in the
frequency domain the response of the auditory sys-
tem only needs to be phase-locked to the modula-
tion envelope of the stimulus [49]. Depending on
the severity of neural dyssynchrony and the place
of the deﬁcit in the auditory path, both ABRand
ASSRrecordings can be affected or only the ABR .
Some cases of auditory neuropathy have been stud-
ied with single-frequency ASSRby R ance et al. [49]
and Rance and Briggs [40]. In these studies ASSR
thresholds were found but the authors conclude
that ASSRalone has no predictive value for hearing
levels in children with auditory neuropathy. How-
ever, discrepancy between ABRand ASSRthresh-
olds could be an indication for auditory neuropathy,
which could be conﬁrmed by otoacoustic emission
or cochlear microphonic testing.
5. Conclusions
This study indicates that the dichotic multiple-
stimulus ASSRtechnique can reliably estimate
frequency-speciﬁc hearing thresholds in very young
infants in a time-efﬁcient way. In view of the re-
cent developments concerning universal newborn
hearing screening, the ASSRtechnique could form
a follow-up diagnostic test with widespread clinical
application.
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